Abstract: An ad hoc bioconjugation/fluorescence resonance energy transfer (FRET) assay has been designed to spectroscopically monitor the quaternary state of human thymidylate synthase dimeric protein. The approach enables the chemoselective engineering of allosteric residues while preserving the native protein functions through reversible masking of residues within the catalytic site, and is therefore suitable for activity/oligomerization dual assay screenings. It is applied to tag the two subunits of human thymidylate synthase at cysteines 43 and 43 0 with an excitation energy donor/acceptor pair. The dimer-monomer equilibrium of the enzyme is then characterized through steady-state fluorescence determination of the intersubunit resonance energy transfer efficiency.
Introduction
TS (EC 2.1.1.45), which is encoded by the TYMS gene in humans, catalyses the conversion of 2 0 -deoxyuridine-5 0 -monophosphate (dUMP) to 2 0 -deoxythymidine-5 0 -monophosphate (dTMP) by using N 5 ,N 10 -methylenetetrahydrofolate (mTHF), as a cosubstrate. dTMP is then phosphorylated by thymidylate kinase to 2 0 -deoxythymidine diphosphate (dTDP) and then to 2 0 -deoxythymidine triphosphate (dTTP) by nucleoside kinases for DNA synthesis. Thus, in human cells, TS plays a key role in the biosynthetic pathway that provides the sole de novo source of thymidylate, an essential precursor required for DNA replication and repair. Downregulation of this pathway halts cellular replication and leads to apoptosis of rapidly dividing cells, such as tumoural ones; 1 so, TS inhibitors act as anticancer agents. TS performs at least two different functions with specific interaction regions: M 2 represents the dimeric obligate catalytic species, while the monomer (M) is believed to play a crucial role in TS-mRNA regulation. [2] [3] [4] Therefore the characterization of the dimermonomer equilibrium is of undeniable importance to describe the cellular roles of the two different protein forms. So far, dimer-monomer conversion of human thymidylate synthase (hTS) was only observed by ultracentrifugation. 5 Classical physical techniques employed to study the oligomerization state of biomolecules, including gel-filtration, dynamic light scattering, or analytical ultracentrifugation, are slow, non-real time, nonin situ methods that usually provide gross information without addressing molecular-scale details. On the other hand, spectroscopic methods combine intrinsically high time-and spatial resolutions. Additionally, they may afford information not only on the aggregation state of oligomeric proteins but also on structural changes induced, e.g., by dissociative inhibitors that interfere with protein aggregation. Among spectroscopic tools, fluorescence (or Förster) resonance energy transfer (FRET) or, slightly more generally, RET has found a huge number of applications in biology, enabling intracellular imaging and providing conclusive evidence for a wide range of molecular-level problems, including, e.g., the assessment of protein and nucleic acid structure and dynamics and of the structural consequences of macromolecule-ligand binding. [6] [7] [8] Protein-protein interactions have been frequently monitored employing FRET between either organic fluorophores conjugated to different proteins or genetically encoded fluorescent fusion proteins, acting either as donors and acceptors or only as acceptors with bioluminescent donors. 9, 10 FRET between protein tryptofan residues and an extrinsic probe has been employed to monitor unfolding of Lactobacillus casei thymidylate synthase. 11, 12 However, to our knowledge, no FRET-based characterization of the dimer-monomer equilibria of dimeric proteins, including hTS, has yet been reported. 13 In this article, we present a spectroscopic approach for noninvasive, real-time accurate assessment of the dimer-monomer equilibrium of hTS based on a selective allosteric functionalization of the protein with an excitation energy donor/acceptor pair. Because enzymes are evolutionarily encoded to bind ligands in their active sites, chemical derivatization designed for allosteric sites will also involve residues of the same type within the catalytic pocket, thereby affecting activity. Hence, to achieve the desired selectivity without losing enzyme function, a strategy involving reversible masking of the catalytic pocket has been designed. We have thus obtained a doubly-tagged active enzyme whose dimer-monomer equilibrium can be monitored in real time with a FRET-based assay. To test the quantitative potential of our approach, we have evaluated the dimer dissociation constant of hTS by measuring the efficiency of FRET between the two bound fluorophores and correlating it with the equilibrium fraction of protein dimers.
Results and Discussion

hTS conjugation with fluorescent probes
TS is an obligate homodimer with two active sites, each formed by residues from both monomers [ Fig.  1(A) ]. In each monomer, there are two main domains: one larger, conserved domain (residues 1-98 and 130-313, Homo sapiens sequence number) and one smaller, variable domain (the small domain (SD), residues 99-129, Homo sapiens sequence number). Each monomer shows an alpha and beta fold (aþb) with 8 b-strands, 2 3 10 -helices, and 5 a-helices in the large domain. A five stranded b-sheet in each large domain forms the dimer interface. C195 in the catalytic loop (CL, residues 184-199, Homo sapiens sequence number) is the catalytic amino acid that reacts with carbon C 6 of dUMP, forming the covalent complex. Other important regions that can be recognized in the enzyme structure are the loop at the interface (HIL, residues 144-158 in Homo sapiens sequence), the loop around R50 (R50, residues 47-54 in Homo sapiens sequence) and the C-terminal region (CT, residues 308-313 in Homo sapiens sequence).
Cysteine (C) residues are largely exploited as conjugation tethers, as they are under-represented in proteins and feature a peculiar reactivity. 14, 15 Five native C residues are present in each hTS monomer, although only C43 and the catalytic C195 are exposed in the active dimer [ Fig. 1(A) 16, 17 and methotrexate, a weak inhibitor (K i ¼ 13 lM) competitive with the mTHF cofactor. 18 The overall
Kd of the metastable ternary complex is around 10 lM, a value apt to make C195/195 0 masking reversible. Besides allowing for a full masking of the TS active site, formation of this ternary complex stabilizes the active dimeric form of the protein, making C180 not accessible. 19 Graphical analysis of the 3D structure of the active conformer (pdb entry 1hvy) indicate that the reactive C43-C43 0 residues are 27.5 Å apart. Fluorescein (F, donor) and tetramethylrhodamine (T, acceptor) were chosen as the fluorescent tags for two reasons: (i) due to the extensive F-emission/T-absorption spectral overlap, which corresponds to a Förster's critical distance, R 0 , twice as large as the C43-C43 0 distance, 20 F-to-T FRET efficiency, u ET , is expected to be close to unity in this system; indeed, assuming the interchromophore distance to coincide with the C43-C43 0 distance, r ¼ 27.5 Å , i.e., that linker effects are negligible (see the maleimide structures in Scheme 1), and that the probes may undergo isotropic motion, 21 with the
], 20 we calculate u ET ¼ 0.985; (ii) the commercially available maleimides of the two fluorophores easily bind to the accessible cysteines by exploiting the reactivity of such a functional group towards thiols, with which it forms stable thioether bonds. A known disadvantage of fluorescein is that its spectroscopic and photophysical properties depend on pH because of the acid-base dissociation equilibrium involving the OH substituent (pKa $ 6.5). 22 Therefore, all spectroscopic experiments were carried out in phosphate buffer at the carefully controlled pH ¼ 7.5; in these conditions about 90% of fluorescein molecules are present in the dissociated, highly fluorescent form. The tagging scheme [ Fig. 1(B) ] was run in a one-pot procedure either with F or T maleimides to produce the homo-difunctionalized enzyme (F-M 2 -F or T-M 2 -T, respectively), or with an equimolar mixture of the probes leading to a hetero-difunctionalized protein (hTS-2P). The visible portion of the absorption spectrum of hTS-2P could be fitted as the sum of the color bands of F and T at similar concentrations (0.42 and 0.40 lM for the case in Fig. 2 ). This implies that the two maleimides have very similar reactivities towards the accessible C, a conclusion supported by ESI-QTOF mass spectrometric analysis, which shows F-M and T-M þ42 extracted ion current peaks having the same areas. The selectivity of conjugation at sites 43/43 0 was further validated by enzymatic digestion and MALDI mass-fingerprinting: probe-containing tryptic fragments CGVR 43-46 were clearly identified (details are provided in the experimental section). 23 On the other hand, the other cysteine thiols were found to be modified as carboxyamidomethyl moieties, proving they were free before digestion. Furthermore, from the protein contribution to the absorption band at 280 nm ( Fig. 2 ) and the molar extinction coefficient of the protein at 280 nm (e 280 ¼ 89000
we calculate a protein dimer concentration very close to the fluorescein and to the tetramethylrhodamine concentrations, thus indicating that one probe was bound per protein monomer. All this evidence points to a statistical composition of the hTS-2P samples:
Conjugation with the two probes did not alter the catalytic activity of the protein.
were found to be consistent with the wild type hTS behavior. So, with respect to other previously reported approaches for site-specific chemical modification that exploit deep protein engineering, including primary structure mutation and introduction of non-native motifs, [24] [25] [26] [27] [28] [29] [30] [31] [32] this strategy works simply with a one-pot reaction on the native protein, preserves its activity and employs a more straightforward and fast conjugate isolation process. Consistency of the kinetic parameters of the labeled and unlabelled proteins also indicates that, at the kinetic assay concentration (0.7-1 lM), the two proteins were present with the same dimer/monomer compositions and that the attached probes have not significantly modified the energetics of dimer dissociation.
Fluorescence characterization of doubly-tagged hTS
Occurrence of F-to-T FRET in F-M 2 -T is demonstrated by fluorescence spectra. Preferential excitation of F at 450 nm in an equimolar mixture of F-M 2 -F and T-M 2 -T results in a weak T emission (k max ¼ 578 nm) due to direct excitation of the latter and F-to-T radiative transfer [black line in Fig.  3(A) ]. On the contrary, a strong FRET-induced T emission is observed with hTS-2P [ Fig. 3(A) , hTS-2P]. Complementary but less pronounced evidence of FRET is provided by excitation spectra [ Fig. 3(B) ]: the F contribution to emission at 610 nm (k max ¼ 502 nm) for hTS-2P (red line) is more than twice as large as for the equimolar F-M 2 -F/T-M 2 -T mixture (black line). The F-to-T FRET efficiency, i.e., the fraction of excited F molecules in heterodisubstituted hTS (F-M 2 -T), which decay by transferring their excitation energy to their T counterparts, u ET , may be estimated by quantitative analysis of the emission spectra as described in detail in the experimental section. Use of Eq. (1) for three samples of doubly-tagged hTS obtained from different conjugations yielded a u ET around 1 (6 0.25).
Consistently with the F-to-T FRET in heteroditagged dimers being complete, single-photon counting measurements revealed very similar timeresolved fluorescence behaviors for F-M 2 -F, an F-M 2 -F/T-M 2 -T equimolar mixture and hTS-2P (respectively, blue, black, and red dots in Fig. 4) . All decays at 525 nm (F emission alone) were well-fitted as single exponentials with lifetimes of 4.4, 4.3, and 4.2 ns, respectively. The three residual distributions were similar with no significant difference at early delay times for the hetero-ditagged enzyme with respect to the fluorescein dilabeled dimers. These observations indicate any residual, shortened F emission from F-M 2 -T to be undetectable in our experimental conditions. From the given lifetimes, setting u ET > 0.9, we obtain a lower limit for the F-to-T energy transfer rate constant, k ET > 2 x 10 9 s À1 , and a corresponding upper limit for the F/T distance in F-M 2 -T, r < 38 Å , consistent with the C43-C43 0 crystallographic distance of 27.5 Å (details of these estimations are provided in the Materials and methods section).
The suitability of the described spectral FRET evidence to reveal F/T proximity in hTS was proved by denaturation experiments. Unfolding of hTS-2P with urea resulted in almost full loss of the FRET fingertip (i.e., of the T emission upon F excitation at 450 nm, Fig. 5 ). Ten-fold dilution (1:10) of the unfolded sample led to protein refolding and almost full FRET recovery.
Dimer-monomer equilibrium constant evaluation
Changes in the M/M 2 equilibrium composition with total protein concentration were monitored using FRET with hTS-2P and fluorescence anisotropy with F-M 2 -F (Fig. 6) . The parallel decrease of FRET efficiency and F emission anisotropy at protein concentrations below $100 nM reflects an increase in the dimer equilibrium dissociation degree in agreement with ultracentrifugation data which show the onset and growth of the monomer band only at hTS concentrations lower than about 5 lg/mL, roughly corresponding to 70 nM. 5 Quantitative analysis of FRET efficiencies as functions of total hTS concentration can yield the dimer dissociation equilibrium constant as described in detail in the experimental section. The data fitting to Eq. (2) M, only slightly smaller than our result.
Concluding Remarks
The approach proposed here exploits intermonomer probe-to-probe FRET efficiency evaluation for realtime, noninvasive quantitative monitoring of the oligomerization state of hTS. The strategy adopted for site-specific chemical modification of the enzyme preserves its catalytic activity and works simply on the native protein, unlike existing methods. [24] [25] [26] [27] [28] [29] [30] [31] [32] So, the fluorometric analysis can be combined with standard activity assessments in a single spectroscopic screening assay of the oligomeric and functional states (dual assay format). The strategy can be adapted to other oligomeric molecular targets that have unwanted reactive side chains in high-affinity pockets, whenever reversible protection of such residues by substrate-like and/or inhibitor-like compounds can be achieved. The assay is also meant for the focused-to high-throughput screening of inhibitor libraries: its testing on a multiplate reader is currently underway.
Materials and Methods
hTS single or double probe conjugation
Purified human thymidylate synthase 33 (hTS, 100 lL, 55 lM (referred to dimeric protein) in 20 mM KH 2 PO 4 , 30 mM NaCl, 1 mM EDTA, pH 6.8) was left incubating for 10 0 at room temperature with a mixture of FdUMP (27.5 lL, 10 mM solution in water, 50-fold molar excess with respect to the protein amount) and methotrexate (55 lL, 5 mM solution in water, 50-fold molar excess with respect to the protein amount), allowing the metastable ternary complex to reach its equilibrium. A solution of the selected fluorophore (fluorescein maleimide or tetramethylrhodamine maleimide, 11 lL, 2.5 mM in DMSO, in 5-fold molar excess with respect to protein amount) was then added and the mixture was left reacting for 30 0 at the same temperature. Alternatively, to obtain a double probe heterodimer, 10 lL of each probe solution were mixed together and then 11 lL of the mixture were added to the methotrexate FdUMP protein complex. Unreacted probe(s) was quenched with dithiothreitol (10 lL, 500 mM solution in water) and the mixture was purified by size exclusion chromatography on a sephadex G25 column with isocratic elution using a 20 mM KH 2 PO 4 , 30 mM NaCl, 1 mM EDTA, pH 7.5 buffer. Head fractions were analyzed by HPLC-ESI/MS, pooled and characterized in terms of concentration, spectroscopic profile, and enzymatic activity before use.
Activity assay
The catalytic activity of the engineered enzyme was evaluated by a spectrophotometric assay, monitoring the conversion of mTHF to dihydrofolate which is accompanied by an enhancement of the optical density at 340 nm. Engineered purified thymidylate synthase (hTS-2P, 20 mM KH 2 PO 4 , 30 mM NaCl, 1 mM EDTA, pH ¼ 7,5) was diluted at a concentration of 0.7-1 lM and treated with a saturating concentration of mTHF (100 lM). dUMP (100 lM) was finally added to start the reaction which was followed for 180 s.
MS conjugate characterization
hTS-2P (10 lM, 20 mM KH 2 PO 4 , 30 mM NaCl, 1 mM EDTA, pH ¼ 7.5) was diluted at a concentration of 100 nM with formic acid (0,5% v/v in water) and analyzed with a ESI Nano-HPLC QTOF Mass Spectrometer (Micromass, Waters) with a 200 nL/min linear 5-30% acetonitrile gradient on an Atlantis 150 mm x 75 lm C18 column. Obtained spectra were deconvoluted and were consistent with the anticipated MW ranges. To validate the conjugation site, hTS-2P was digested with porcine trypsin: briefly, 10 lL of protein were added to a mixture of 15 lL of NaHCO 3 25 mM and 15 lL DTT 100 mM, the sample was incubated for 5 0 at 95 C and, after cooling down, was treated with 5 lL iodoacetamide 100 mM and left reacting in the dark for 20 0 . Porcine trypsin (1 lL, 1 lg/lL in 50 mM AcOH) was then added and the mixture was incubated for 3 h; after adding an additional lL of this solution, the tube was left standing at room temperature overnight.
Resulting peptides underwent MALDI-TOF-TOF (Applied Biosystems) mass fingerprinting; 23 
Spectroscopic measurements
UV-vis absorption spectra were measured on a Varian Cary 100 double-beam spectrophotometer using quartz cuvettes of 1, 0.2, or 0.1 cm pathlengths. Fluorescence spectra were obtained with a Spex JobinYvon Fluoromax2 spectrofluorometer. The spectra were corrected for the instrumental spectral sensitivity. All spectroscopic experiments were carried out at room temperature, 22 6 2 C. We repeatedly checked the shapes of the emission spectra of the two probes conjugated to hTS and made sure that no observable change attributable to probe aggregation occurred in the concentration range employed for this study.
Evaluation of FRET efficiency from fluorescence emission data
The efficiency of FRET (u ET ), i.e., the fraction of excited F molecules in heterodisubstituted hTS (F-M 2 -T), which decay by transferring their excitation energy to their T counterparts, can be obtained by measuring the ratio of the areas of the emission spectra of F (a F ) and T (a T ) corrected for the spectrofluorometer spectral sensitivity curve. It is simple to see that, for a mixture of F-M 2 -F (F2), F-M 2 -T (FT), and T-M 2 -T (T2), this ratio can be expressed in terms of the absorption rates, I a , and of the fluorescence quantum yields (U) of the two probes bound to hTS (U ¼ 0.6 and 0.3 (620%) for F and T in F2 and T2 respectively, measured relative to free fluorescein dianion in 10 À4 M NaOH (U ¼ 0.95) 35 as:
Given the very low absorbance at the excitation wavelengths, k ex , the rates of absorption can be approximated as I aX ¼ I inc A X , I inc being the incident number of einsteins per liter per second, which cancels out in the ratio, and A X the absorbance of the F probe due to species X (F2, FT ) at k ex . If, as suggested by the provided UV-vis and mass spectrometric evidence, the sample composition is the statistical one, i.e., 25% of F2 and 50% of FT, then A F2 and A FT are equal and cancel out too yielding the simplified relation
by which u ET is easily derived. In the above expression, we have neglected the contributions coming from direct excitation of T, both in FT and in T2, and F-to-T radiative ET. These contributions have been estimated at k ex ¼ 450 nm from spectra measured on an equimolar F2 and T2 mixture [black curve in Fig. 3(A) ] to be about 10% of the total a T at full energy transfer. Values of a T must therefore be corrected accordingly. Because of the mentioned assumptions and corrections, we estimate a confidence range of about 6 25% for the values of u ET thus obtained.
Estimation of the maximum F/T distance in F-M 2 -T 20 Given a u ET larger than about 0.9, the lower limit for k ET and upper limit for r given in the text are easily estimated.
Determination of dimer-monomer equilibrium constant from the dependence of u ET on total protein concentration Fig. 6(B) ]. The error associated with K somehow derives from a combination of that provided by the linear data fitting procedure and the confidence range of u ET . Because each plot refers to values of u ET measured for the same conjugated protein at different total concentrations, we believe that such values may be over or underestimated by roughly the same percentage and, given the u ET /u ET 1/2 plot, the error on u ET should underpropagate into the plot slope and, thus, K.
